In the present paper we show an exhaustive microstructural characterisation of thiolcapped gold nanoparticles (NPs) with two different average particle sizes. These samples are compared to the polymer-like Au(I) phase formed as a precursor during the synthesis of the thiol-capped gold NPs. The set of analysed samples shows different microstructures at the nanoscale with different proportion of Au atoms bonded either to S or to Au atoms. It has been experimentally shown that the presence of a ferromagnetic-like behaviour is associated to the formation of NPs with simultaneous presence of Au-Au and Au-S bonds. In order to explain such magnetic behaviour a possible model is proposed based on the spin-orbit coupling so that localised charges and/or spins (Au-S bonds) can trap conduction electrons (Au-Au bonds) in orbits.
Introduction
Metallic nanoparticles (NPs) are extensively studied since they exhibit novel electronic, optical and magnetic properties. In particular, the study of magnetism in clusters of palladium and gold, and in general 4d elements, has attracted special attention as these elements are non-magnetic as bulk materials [1] [2] [3] [4] [5] [6] [7] . Alkanethiol-capped gold NPs [4] , as well as self-assembled alkanethiol monolayers on gold surfaces [3] , have shown a permanent magnetism which currently is not yet understood [4, [8] [9] [10] [11] . Recently, Hernando et al. [9, 11] have proposed spin-orbit coupling as the origin of orbital ferromagnetism in these systems. New experiments are still needed to correlate the microstructure and the magnetic behaviour of the alkanethiol-capped gold NPs.
The original method proposed by Brust et al. [12] to synthesize the alkanethiolate gold NPs is a two-step process [13, 14] : AuCl 4 -(toluene) + RSH → (-Au I SR-) n (polymer) /1/ (-Au I SR-) n + BH 4 -→ Au x (SR) y /2/ In the first step, Au(III) is reduced to Au(I) by oxidizing the thiols to disulfides. In non polar solvents, the Au(SR) species aggregate forming a polymeric phase [13, 14] . In the second step, the addition of sodium borohydride leads to reduction of all gold species in order to form the gold clusters surrounded by thiolates [13, 14] .
In the present paper we have isolated the intermediate AuSR(polymeric) phase, as well as different gold NPs obtained under different experimental conditions. In all these samples we have carefully carried out a study of the microstructure, the chemical composition and the magnetic behaviour in order to understand the nature of the nanostructures responsible of the anomalous ferromagnetic behaviour.
Experimental

Sample preparation
The alkanethiolate-capped gold NPs have been obtained from a liquid-liquid phase reduction at room temperature following the Burst method [12] ; the Au:thiol molar ratio has been modified in order to produce different samples (Au-SR1 and Au-SR2). First, Au(III) is transferred from an aqueous solution containing AuCl 4 H (FLUKA 99%, 0.0064g in 6.4 ml of milli-Q water) to degassed and dried toluene, using tetraoctylammonium bromide (Aldrich 98%, 0.112 g in 20 ml of toluene) as the phasetransfer agent. The mixture is strongly stirred for 10 minutes. Once the aqueous phase is removed, 0.1 ml (for the Au-SR2 sample) or 0.05 ml (for Au-SR1 sample) of dodecanethiol (Aldrich 98.5%) is added to the organic phase under strong stirring for 5 minutes. Then the Au-SR polymeric precursor is reduced, using an aqueous solution of NaBH 4 (Aldrich 99%, 0.1 g in 6 ml of milli-Q H 2 O) as reducing agent. The presence of dodecanethiol leads to the formation of Au-S bonds which isolate the metal clusters preventing from cluster agglomeration. Subsequently, the organic phase was separated from the aqueous phase and the toluene was removed under reduced pressure by means of a rotary evaporator. Finally, Au NPs were precipitated with ethanol, filtered, washed and dried. The Au:thiol ratio is one of the nanocluster size-controlling factors [15] . With the aim to obtain gold nanoparticles with different average sizes, reactions have been carried out for Au:thiol molar ratios ranging from 1:2 (sample referred as Au-SR2) to 1:1 (sample referred as Au-SR1 sample).
The intermediate Au-SR polymeric precursor (sample referred as Polymer) was isolated for the 1:2 Au:thiol ratio by removing the toluene solvent, just before the reduction agent NaBH 4 is added. After precipitation with ethanol, filtering, washing and drying, the sample was stored in a desiccator. After ageing in storage conditions for several weeks, the sample named Polymer-aged was also investigated.
All the reactions during preparation of the different samples were carried out under N 2 atmosphere to minimize oxidation. Ulterior washing, drying, storage and transfer to SQUID, TEM, UV-Vis, XPS and EXAFS were carried out in ambient air atmosphere.
The samples were stored in a desiccator.
Sample characterisation
The chemical composition of the samples has been evaluated by ICP (Inductively Coupled Plasma-atomic emission spectrometry) analysis, elemental chemical analysis and energy dispersive X-ray analysis (EDX) at the transmission electron microscope.
TEM analysis was carried out in a Philips CM200 microscope working at 200 kV.
Particle size distribution histograms were measured using an image analyser. X-ray absorption spectra (XAS) for the Au samples were recorded in transmission mode at the BM29 beam line in the ESRF storage ring in very thin self-supported pressed pellets. Spectra were recorded at the Au L 2 -and L 3 -edge at 13.734 keV and 11.919 keV respectively. The EXAFS oscillations were quantitatively analyzed with the software package developed by Bonin et al [16] . The coordination numbers (N), bond distances (R) and Debye-Waller factors (σ) were extracted by a least-squares fitting procedure that uses the theoretical phases and amplitudes proposed by Rehr and coworkers [17] .
These parameters have been previously compared with Au foil and Au 2 S (Aldrich 99.9%) reference samples.
UV-Vis absorption spectra were recorded in transmission mode. In this experiment, the gold NPs were dispersed in aqueous solutions (1 mg/ml). The spectra were recorded in the range 200 -850 nm with a Shimadzu UV-2102 PC spectrometer.
XPS analysis of the Au 4f, Au 5d, Au 6s, S 2p, and C 1s photoelectron spectra was performed using a SPECS Phoibos HSA3500 100 spectrometer; which has a five channel hemispheric analyser for photoelectron registration. This incorporates a nonmonochromised Al/Mg twin anode SPECS XR-50 x-ray source. The radiation used in this experiment is the Mg Kα (hυ=1253.6 eV). The analyser was operated in constant energy analyser mode at a pass energy of 20 eV and with 0.8 mm slits.
Since the NPs samples are not good electrical conductors, an external binding energy (BE) calibration standard such as gold or silver is of no use. The NPs samples will suffer charging effects. Therefore, a calibration standard within the sample is needed.
The carbon peak C 1s is probably the best choice; no strong bonding between contamination carbon and gold is expected.
Curve fitting of the photoelectron peaks has been performed using a Shirley background and Voigt functions. This fit allowed us to determine the elemental peak areas which were weighted by the photoionisation cross sections calculated by Yeh and Lindau [19] ; once the corrected areas were known then, elemental quantification was possible Table   1 . The data fitting process was carried out using a least squares routine implemented in a computer program [20].
Magnetic measurements have been performed using a Quantum Design SQUID magnetometer. The sample holder used is adhesive kapton stocked to a quartz tube.
Diamagnetic contribution corresponding to the sample holder system has been previously measured and subtracted from total magnetization.
Results and Discussions
Microstructural and chemical characterisation of the samples
In Table 1 and also for the polymeric Au(I) phase were a 1:1 Au to S atomic ratio has been proposed in previous investigations [10, 11] . Figure 1 presents the TEM analysis for the intermediate polymeric precursor under different conditions. In Fig.1a we show the images recorded by short exposition of the samples to the e-beam. The images are congruent with a polymeric-like phase and the electron diffraction pattern shows the diffuse diffraction rings of an almost amorphous phase. If the sample is exposed to the TEM electron beam for a long time, then gold nanoparticles will be formed as we can see in Fig.1b . In this case, the electron diffraction pattern is already showing the rings corresponding to Au nanocrystals; an average particle diameter of 1.5 nm has been determined for this sample. The fact that the obtained gold NPs show a certain alignment along preferential directions is also of interest. This could be due to the microstructure of the polymeric phase which shows a column-like shape when looked at scanning electron microscope.
The Polymer sample is white in colour after preparation. After several weeks of storage in a desiccator (even protected from external light sources) the sample turns to a brownish coloured powder. The TEM micrograph obtained from the aged polymer sample is shown in Fig.1c . Big gold nanoparticles were formed indicating that the sample is not stable and degrades with time. The electron diffraction pattern is now showing well defined rings with visible points from the gold crystals in the diameter range 5 -30 nm. Some smaller crystals, similar to the ones obtained in Fig.1b , are also seen in the micrograph. However, they could have also been produced inside the TEM microscope during e-beam irradiation.
For the Au-SR1 and Au-SR2 samples, the TEM micrograph included in Figs. 2a and 2b show the small gold nanoparticles with average particle sizes of 2.2 and 2.0 nm respectively. The slight decrease in average particle diameter for the Au-SR2 is the expected behaviour when decreasing Au:thiol molar ratio during the synthesis process.
Electron diffraction patterns for these samples are similar to the ones showed in Fig.1b . Table 1 also shows the calculated total number of Au atoms and the percentage of atoms located at the surface for a pure gold cluster of the corresponding average particle size.
There is a significant interplay between the structure and the electronic and magnetic properties of the gold NPs. In fact, we have carried out a XAS analysis of the samples considering both the XANES and the EXAFS region of the spectra. Fig.3 shows the normalised Au L 2 -edge XANES of the three samples compared to both a gold metal foil and a gold sulphide (Au 2 S) reference sample. The more significant observation is the intensity of the resonance at the threshold (white line) associated with a 2p 3/2,1/2 to 5d 5/2,3/2 dipole transition which is giving the densities of unoccupied d states at the Fermi level [21] . A more intense white line relative to that of Au metal indicates an increase in dhole population (d charge depletion in the NPs) just above the Fermi level. Given that S is more electronegative than Au, it is expected an important charge transfer from Au to S for the gold sulphide reference sample: this is observed in Fig.3a . The formally described Polymer sample is also showing a similar white line intensity, as expected for the Au(I) formulation of this sample. The total dispersion of the gold atoms bonded to sulphur in the polymer phase is leading, also in this sample, to a maximum value of the hole density at the gold atom. By contrast, the Au-SR1 and Au-SR2 NPs show a decrease of the white line intensity which is closer to the value expected for the bulk gold. In any case, the nanoparticles have slightly higher white line intensity than pure gold (see Fig.3b ), due to the surface modification of the gold atoms through Au-S bonds. In fact, the NPs show an increase in the hold density compared to the d-hole population for Au metal where this density has its origin in the s-d hybridization. presented. For the Au-SR2 sample, with the smallest average particle diameter, it is observed an increase in the ratio of Au-S to Au-Au bonds in comparison to the same ratio for the larger NPs from the Au-SR1 sample. This effect is the expected one for the increase of surface to bulk gold atoms ratio and for the decrease in Au:S atomic ratio for the smaller nanoparticles.
The quantification of these observations is shown in Fig.5 and Table 2 where the EXAFS fitting analysis has been summarized. The following structural parameters were From TEM and XAS data we have obtained a very precise microstructural characterisation that allows us to explain the observed UV-Vis absorption behaviour of the samples. In general, the UV-Vis absorption spectra of gold nanoparticles are dominated in the 400 -800 nm range by the presence of surface plasmon resonance bands. In our case, as the particles become smaller, a higher proportion of surface gold atoms bounded to sulphur lead to a localisation of charge at the Au-S bond that decreases the mobility of free electrons [22] and the intensity of absorption at the plasmon region. In fact, for the larger NPs in the Au-SR1 sample with a Au:S atomic ratio of 3.1, we still see the plasmon resonance in UV-Vis absorption spectra (see Fig.6 ). For the Au-SR2 sample, the plasmon resonance is not detectable for a Au:S atomic ratio of 2.0. The Au(I)-SR polymer sample shows a white colour and produces transparent solutions. In this case, the absence of metallic gold produces no light absorption in this wavelength region (see Fig.6 ). For the aged polymer sample, the formation of big gold particles hinders the solubility of the sample. In addition, the UV-Vis spectrum shows, together with a plasmon resonance feature at 570 nm, a strong absorption along the wavelength range.
The effect of charge redistribution upon thiol-capped Au NPs formation and its size dependence were also examined with XPS. The Au 4f core level for the Au-SR NPs and the polymer precursor material were measured for samples supported on polycarbonate filters. The results of this investigation are presented in Fig.7 . In this figure, two important features previously investigated [24] are the target of new studies. First, the Au 4f 7/2 peak of the Polymer sample shifts (roughly 0.5 eV) to higher binding energy, as well as the Au 2 S peak; this indicates that the d charge at the Au site is depleted relative to the bulk gold. This shift is negligible when gold NPs are considered, due to their metallic character. Finally, a clear linewidth broadening is observed as the metallic character of the samples is lost. For the gold NPs and sulphide samples, the increase in the Au 4f 7/2 peak width is related to the fact that different amounts of Au-Au bonds and Au-S bonds are present in each sample; being Au 2 S the sample with larger number of Au-S bonds. The polymeric phase is highly unstable, therefore, many different Au phases coexist: Au-Au, Au-S, Au-radical bonds and Au clusters. This would explain the significant linewidth broadening of the polymeric phase.
In addition, the Au valence band spectra were also measured. The results are shown in Fig.8 . In this case, only bulk gold, Au-SR1, Au-SR2 and Polymer samples were considered. One interesting feature here is that the apparent spin-orbit splitting decreases as the metallic character is lost. The larger spin-orbit splitting corresponds to the bulk gold sample, whereas the rest of the samples from Au-SR1 to Polymer have a narrower spin-orbit splitting as the coordination number of the Au-Au coordination sphere decreases.
In summary, three samples containing gold atoms functionalised with alkanethiol molecules (-SR) have been studied, all of them having different microstructures at the nanoscale. Two of them are gold NPs capped through Au-S bonds by the alkanethiol molecules and showing different particle sizes and different ratios of Au-S to Au-Au bonds. The polymeric-like sample contents however 100% of Au atoms bonded to sulphur in the alkanethiol molecules. Fig.9 shows the magnetisation versus magnetic field curves measured at 5K and room temperature for the two NPs, the Au(I)-SR precursor polymer sample and the aged Au(I)-SR polymer material. As we have previously reported [4] , a clear ferromagnetic behaviour with a Curie temperature above 300K is observed for the Au-SR NPs.
Magnetic properties
Magnetisation values and observed coercive fields values are higher for the Au-SR2 sample (0.095 emu/g Au and 180 Oe) compared to the Au-SR1 sample (0.005 emu/g Au and 115 Oe). As proposed in [4] , the charge transfer from gold to sulphur and a high proportion of surface gold atoms as compared with bulk gold is necessary to generate a detectable permanent magnetism. In fact, only very small particles fulfil these requirements in such way that surface ferromagnetism can be detected. One must recall that surface ferromagnetism is overlapped to the diamagnetic behaviour of bulk gold.
These considerations are in agreement with the observed behaviour of samples Au-SR1
and Au-SR2, where a decrease in particle size and an increase in the S:Au ratio is promoting the presence of a ferromagnetic like behaviour. From this point of view, the polymer precursor Au(I)-SR sample is showing a maximized Au to S charge transfer and a total dispersion of gold atoms so that 100% of them are bonded to sulphur. It is, however, shown that this is not a sufficient condition to show the permanent magnetism, histeresis and giant anisotropy. The data in Fig.9 shows that the simultaneous presence of Au-S and Au-Au bonds is necessary to observe these phenomena.
According to our first results [4] , the permanent magnetism was explained as a consequence of blocking of the local magnetic moments (generated at the localised Au-S bonds by charge transfer) by giant magnetic anisotropies. However, the current results point out the orbital contribution to the observed magnetic behaviour as a consequence of the spin-orbit coupling so that localised charges and/or spins (Au-S bonds) can trap electrons (Au-Au bonds) in orbits [9] . In addition to that, it has been experimentally shown by XPS that spin-orbit coupling at the gold atom is decreasing significantly when the proportion of Au-S bonds increases.
In the case of the aged polymer, the big gold nanoparticles have a small proportion of surface gold atoms bounded to sulphur so that the majority of gold atoms behave as bulk gold.
Regarding the Fe contamination always present in the samples, it is worth of mention that the level of Fe impurities cannot account for the observed magnetisation values in sample Au-SR2 even if all Fe is forming metallic Fe particles. In addition, we expect Fe impurities to be dispersed probably in an oxidised form. Besides, Dahr et al. [25] have recently shown that in the case of diluted magnetic semiconductors, a very low concentration of doping magnetic atoms can result in ferromagnetism at room temperature. Due to the fairly different electronic structure of semiconductors and metals it is not expected to find similar behaviour between semiconductors and gold nanoparticles.
Conclusions
Alkanethiolate-capped gold NPs have been obtained by a liquid-liquid phase reduction at room temperature based on the Brust method. The intermediate Au(I)-SR polymer phase obtained in the first step of the synthesis has been isolated together with two samples of NPs with different particle sizes and Au:S atomic ratios.
We have demonstrated that the polymeric phase contains gold atoms fully dispersed in an alkanethiol matrix with 100% of these Au atoms bonded to sulphur. The two NPs samples contain Au-Au together with Au-S bonds with increasing proportion of gold bond to sulphur for the particles of smaller size.
It has been experimentally demonstrated that the simultaneous presence of Au-Au and Au-S bonds is necessary to detect a ferromagnetic behaviour in thiol derivatised gold nanostructures. It is proposed that the orbital momentum induced at the surface conduction electrons is crucial to understand the observed giant anisotropy. The orbital motion is driven by localised charge and/or spin through spin-orbit interactions, that reaches extremely high values at the surface. 
